Fixation disparity, i.e. the vergence error within Panum's area, can be measured psychophysically with two nonius (vernier) lines that are presented dichoptically, i.e. one to each eye. The observer adjusts these nonius lines to subjective alignment; the resulting physical nonius offset indicates the amount of fixation disparity. The present experiments investigate the relation between fixation disparity and the nonius bias, which is the physical offset of the nonius lines that is adjusted by the observer in order to perceive them as aligned when both nonius lines are presented to both eyes (binocular nonius bias) or both to the left or both to the right eye (monocular nonius bias). It was found that (1) the fixation disparity is correlated with the binocular nonius bias in the horizontal and vertical meridian and (2) the binocular nonius bias can be predicted from the average of the right eye and left eye monocular nonius bias. To remove the influence of the nonius bias on measured fixation disparity it is possible to calculate the fixation disparity relative to the individual binocular nonius bias, rather than to the physical coincidence of the nonius lines. This procedure tends to increase the correlation between fixation disparity and the tonic resting position of vergence. We discuss the clinical relevance of the dichoptic nonius method for measuring fixation disparity and its limitations as compared to physical recordings of eye position.
Introduction
Fixation disparity is a condition of binocular vision in which a fused fixation point is not projected onto the centre of the fovea in each eye. This means, the principle visual directions that are associated with the centres of the foveae do not intersect at the fixation point, but do intersect either in front (eso) or behind (exo) in the case of horizontal fixation disparity. Such vergence errors may occur in subjects with normal binocular vision and typically amount to a few minutes of arc, thus are smaller than the Panum's areas and therefore do not lead to double vision (Ogle, Martens & Dyer, 1967; Scheiman & Wick, 1994; Howard & Rogers, 1995) . Large fixation disparities are likely to be associated with asthenopic complaints (Mallett, 1974; Sheedy & Saladin, 1983; Pickwell, 1989) .
As shown in Fig. 1 , fixation disparity can be measured psychophysically with a pair of nonius lines that are presented dichoptically, i.e. one to each eye. For measuring horizontal fixation disparity one determines the particular horizontal physical offset of the vertical nonius lines at which they coincide in each eye with the principle visual directions and, thus, are perceived as aligned by the subject. Vertical fixation disparity can be measured when the test is turned by 90°. This nonius technique is widely used in clinical tests to describe a subject's vergence system (Scheiman & Wick, 1994) . Since the dichoptic nonius method relies on the principle visual directions, it has some limitations that are discussed below.
The present paper addresses an aspect of the psychophysically measured fixation disparity that has been described by Carter (1958) as the 'problem of constant error'. In his investigations of horizontal fixation disparity, about 75% of the subjects adjusted two nonius lines that were both visible for both eyes to a physical offset in order to be perceived in line. This offset with non-dichoptically presented nonius lines differed among subjects up to 0.9 min arc. It will be called binocular nonius bias in the present paper, while previous reports also used the terms vernier bias, adjustment error, or alignment error. Tomlinson (1969) summarizes some earlier reports: the nonius bias increases with the separation of the nonius lines and decreases with their length (French, 1920) and may occur when the two nonius lines are seen either by the right or the left eye, referred to as monocular nonius bias (Emsley, 1946) . Since the nonius bias can have the same order of magnitude as the fixation disparity to be determined, the question arises whether the nonius bias induces an error in quantifying fixation disparity. Carter (1958) suggested calculating the monocular components of fixation disparity relative to the binocular nonius bias since this resulted in a more nearly equal division of fixation disparity between the two eyes. Ogle calibrated his instrument relative to the binocular nonius bias of each subject, thus, he ''eliminated any personal and instrumental errors, although seldom were variations found between subjects for this setting'' (Ogle, Martens & Dyer, 1967) . Tomlinson (1969) proposed to refer the monocular components of fixation disparity to the right eye and left eye monocular nonius bias. This was made in the studies of Reading (1992 Reading ( , 1994 . Irving & Robertson (1991 , 1996 analysed the shape difference between the prism-dependent monocular fixation disparity curves in order to cancel out any constant error.
It is the aim of the present study to investigate the implications of the nonius bias on fixation disparity on a more quantitative level compared to previous studies. We investigate a possible correlation between fixation disparity and nonius bias in the horizontal and vertical meridian and compare the binocular nonius bias with the monocular nonius biases. Previous research has shown that the tonic resting position of vergence in a dark visual field is correlated with fixation disparity to fusion stimuli in the peripheral and central visual field (Francis & Owens, 1983; Jaschinski-Kruza, 1994) . In the present context we test the amount of this correlation when fixation disparity is calculated either relative to physical zero, or relative to the individual binocular nonius bias. This was done to evaluate which description of fixation disparity may be more valid.
Methods

Experiment 1: Fixation disparity 6ersus binocular nonius bias (horizontal and 6ertical)
The tests were presented on the central square area (21 ×21 cm) of a CRT screen (type NEC MultiSync 5FGe, refresh rate 75 Hz), surrounded by a square white card board (1.1× 1.1 m) that was illuminated by halogen lamps to about 7 cd/m 2 . The test room had a mean illumination of 2 lx. The subjects observed the CRT at a viewing distance of 320 cm with bright test patterns on a dim (0.5 cd/m 2 ) background. As shown in Fig. 1 , the central part of the screen was visible to both eyes and included the fusion stimulus, the letters XOX that subtended 24×88 min arc (4.5 cd/m 2 ). For testing in the horizontal meridian, above and below the central character O, two vertical nonius lines (31 min arc high and 8 min arc wide) were presented with a vertical separation of 40 min arc that included the fusion stimulus. The two nonius lines (1.5 cd/m 2 ) were covered by perpendicular polarizing filters. For measuring the vertical fixation disparity and nonius bias, the test was turned to have a vertical row of the three characters (XOX) as fusion stimulus, and horizontal nonius lines.
For measuring fixation disparity, the nonius lines were presented dichoptically: subjects wore spectacle frames with polarizing filters so that the two lines were presented to the left and right eye as shown in Fig. 1 . For measuring the binocular nonius bias, the subjects used other spectacle frames containing neutral density filters to present the two nonius lines to the two eyes with the same luminance as in tests of fixation disparity. The luminances describe the brightness of the targets including the polarizing or neutral density filters in front of the screen and the eyes.
The nonius lines were presented in a series of 100 short (100 ms) exposures at 2 s intervals, while the fusion stimulus remained constantly on the screen. Within this series the amount of the nonius offset was varied in small steps of 0.66 min arc using the adaptive psychometric procedure Best PEST (Lieberman & Pentland, 1982) . After each presentation the subject indicated to whether the upper nonius line was perceived to the right or to the left of the lower nonius line when the horizontal meridian was tested. For testing in the vertical meridian, subjects indicated whether the right or left horizontal line was higher.
Using probit analysis (Finney, 1971) , a sigmoidal psychometric function was calculated from the subjects' responses. The 50%-point corresponds to the offset at which the nonius targets were perceived to be aligned. In the horizontal meridian, a positive sign indicates an 'eso' fixation disparity or a nonius bias with the upper line to the left of the lower line; in the vertical meridian, a positive sign indicates a 'right hyper' fixation disparity or a nonius bias with the right line higher than the left (negative signs indicate the opposite conditions).
Each of the 19 subjects participated in three sessions on separate days. Session 1 included tests of fixation disparity and binocular nonius bias, both in the horizontal and vertical meridian. Session 2 included tests of horizontal and vertical binocular nonius bias (each tested twice), and Session 3 included tests of horizontal and vertical fixation disparity (each tested twice).
The subjects were chosen to have a minimal visual acuity of 1.25 or better (in decimal units) in the left and right eye (without wearing glasses) and a stereo acuity of 30 s arc or better tested with the differential stereotest of the Polatest (Zeiss, Oberkochen, Germany).
Experiment 2: Monocular 6ersus binocular nonius bias (horizontal)
Our previous study (Jaschinski, 1997) on horizontal fixation disparity as a function of viewing distance included also measurements of the horizontal nonius bias. We analyse these data in the present paper, after Experiment 1 had shown that the nonius bias was not an artifact of a response bias. The previous paper (Jaschinski, 1997) did not include these analyses and results, but was confined to the effect of the viewing distance.
Since all experimental details are described in Jaschinski (1997), only the design of this experiment is summarized here. On each experimental day, we varied the viewing distance (100, 60, 40, 30, and 20 cm) to measure one of the following dependent variables: fixation disparity and binocular nonius bias in 34 subjects and the monocular nonius bias (both for the right and left eye) in a subgroup of 13 subjects. For measuring the monocular nonius bias, the right or the left eye was covered by an occluder. All measures refer to the horizontal meridian. The test dimensions were identical in terms of visual angle at all viewing distances: the vertical nonius lines were 35 min arc long; in the centre of the vertical separation of 45 min arc, we presented the central fusion stimulus: five text characters (OXOXO) formed a string that was 114 min arc wide and 27.5 min arc high. The tonic resting position of vergence was measured with two dichoptical points of light at a 1 m viewing distance in an otherwise dark visual field (dark vergence). The psychometric procedure was the same as in Experiment 1. Table 1 summarizes the means, standard deviations, and ranges of fixation disparity and binocular nonius bias in the horizontal and vertical meridian, respec- tively, separately for the three repeated measurements, indicated by the number of tests. These repeated tests showed very similar mean values in each condition, which were not significantly different as tested with analyses of variance with repeated measures. The maximal individual magnitude of the binocular nonius bias was about 2.5 min arc in these conditions. Table 2 gives the three possible correlations between the three repeated measurements for each experimental condition. These were all highly significant; thus, similar amounts of fixation disparity and binocular nonius bias were found in the same subjects when repeated tests were made within a session and on separate days. For the further analysis, the individual mean value of the three repeated measurements was calculated for each of the four experimental conditions. Fig. 2 shows that fixation disparity was significantly correlated with binocular nonius bias, in the horizontal meridian (r =0.49, n =19, P = 0.036 twotailed) and the vertical meridian (r = 0.83, n = 19, P B 0.001). Thus, binocular nonius bias is reflected in fixation disparity. The percentage of the variance in fixation disparity explained by the nonius bias (r 2 ) was 24 and 67% in the horizontal and vertical meridian, respectively.
Results
Experiment 1
In the present experiment, the subjects pressed the right or left button to indicate -in the horizontal meridian -whether the upper nonius line appeared to the right or to the left of the lower nonius line and -in the vertical meridian -whether the right or left nonius line appeared higher relative to the other, respectively. Thus, if the nonius bias were the result of a subject's response bias, i.e. of a tendency to prefer the response 'right' or 'left' whenever the subject was uncertain about the relative position of the two lines (Morgan, Hole & Glennerster, 1990) , then the vertical and horizontal nonius biases should be significantly correlated. However, the results of the present experiment showed that this was not the case (r= 0.11).
Experiment 2
Here, we reconsider nonius bias data of a previous study on horizontal fixation disparity (Jaschinski, 1997) . While this previous report was confined to the effect of viewing distance in the range of 20-100 cm, we analyse in the present paper these data with respect to the nonius bias. This appeared to be justified only after Experiment 1 had shown that nonius bias cannot be explained by response bias.
As reported before (Jaschinski, 1997) , the monocular nonius biases of the two eyes did not depend on viewing distance (100, 60, 40, 30, and 20 cm). The ten possible correlations between the nonius bias at these five viewing distances were in the range of 0.81-0.95 for the right eye and in the range of 0.83-0.94 for the left eye in the sample of 13 subjects. Since these correlations were all highly significant (PB0.0005) the nonius bias appears to be stable within individuals also in monocular vision. The magnitude of the nonius bias was similar in monocular and binocular vision.
The monocular nonius bias was not significantly correlated between the right and the left eye (r= 0.34, n= 13, P= 0.25 two-tailed; tested with the two mean values averaged across the five viewing distances).
The test-retest correlations of the monocular nonius bias within each eye and the lack of correlation of the monocular nonius bias between the left and right eye suggest that the monocular nonius bias is an individually stable deviation of the perceived verticality from the true physical verticality within each eye.
According to the classical concept of binocular visual direction, the binocular visual direction is the mean of the two monocular directions (Ono, 1991) . Thus, one should expect that the mean of the two monocular nonius biases should agree with the binocular nonius bias. To test this hypothesis, we averaged the nonius bias data across the five viewing distances (since viewing distance had no significant effect) and found the correlation in Fig. 3 showing that the binocular nonius bias can be predicted from the mean of the right eye and left eye nonius bias (r= 0.90, PB 0.001, n= 13). This result also was confirmed by the corresponding correlations of 0.88, 0.86, 0.82, 0.83, and 0.86 at the viewing distances of 100, 60, 40, 30, and 20 cm, respectively, that were all significant (P B 0.0005, n =13). It should be noted that the measurements of binocular, left eye and right eye nonius bias were made on separate days, thus, the observed correlations show that these visual functions were stable, at least over a period of several days.
The correlation between fixation disparity and binocular nonius bias, as found in Experiment 1, was also observed in the present experiment: the correlation coefficients were 0.33, 0.45, 0.22, 0.22, and 0.35 at viewing distances of 100, 60, 40, 30, and 20 cm, respectively; these were significant (P B 0.05) when r \0.29 (one-tailed, n =34), which was the case at three of the five viewing distances. Thus, 5 -20% of the inter-subject variability of fixation disparity was explained by the binocular nonius bias in the present sample.
The result of the two experiments suggest that subjects judged the position of the dichoptically presented nonius lines relative to the binocular nonius bias. It may therefore be more appropriate to calculate the fixation disparity relative to the binocular nonius bias. To test whether this might be a more valid measure, we analysed the correlation between fixation disparity and dark vergence, i.e. the tonic resting position of vergence measured in a dark visual field. As shown in Table 3 , the correlations between dark vergence and fixation disparity were significant for viewing distances of 30-100 cm (if r \0.29, one-tailed) for both definitions of fixation disparity. At each of the five viewing distances, the correlation with dark vergence was slightly higher when fixation disparity was calculated relative to the binocular nonius bias. Following the maximum test for pair differences (Sachs, 1974) , five comparisons resulting in the same sign are significant (P = 0.05; onetailed).
Discussion
Experiment 1 showed, that fixation disparity measured with a pair of dichoptically presented nonius lines (each eye perceives only one of the two lines) was correlated with the binocular nonius bias (both eyes perceive both nonius lines). This was found for the horizontal and the vertical meridian. Thus, part of the inter-subject variability of fixation disparity was due to individual differences in the binocular nonius bias that appeared to be stable within subjects as shown by high test-retest correlations.
Experiment 2 (made in the horizontal meridian) showed that the monocular nonius bias (the two nonius lines were presented to one eye only) was not correlated between the eyes; however, each eye had an individually stable monocular nonius bias. Further, the binocular nonius bias could be predicted from the mean of the right eye and left eye monocular nonius bias. This agrees with the qualitative reports of Savage & Fendick (1985) that the binocular nonius bias lies between the monocular ones. These observations can be explained by the concept of binocular visual directions: the perceived direction of an object in binocular vision is the mean of the two monocular perceived directions (Ono, 1991) . Accordingly, Sheedy & Fry (1979) found that a binocular image is seen between where the two monocular images would be seen; however, in some subjects the perceived direction of the binocular image was closer to that of one monocular image.
The physiological origin of the nonius bias has been discussed since early reports of this phenomenon (Carter, 1958) , but still remains unclear. Morgan, Hole & Glennerster (1990) suggested that biases can arise in the process of comparing the internal representation of the stimulus to that of a standard, which is, implicitly a straight line in a nonius task. Since the nonius bias normal binocular vision, as in the present study, the observed amounts of nonius bias may be the result of irregularities in retinal and/or optical structures that are within the range of normal physiological variability.
The observations of the two experiments suggest that the judgement of the relative position of the two dichoptically present nonius lines in tests of fixation disparity is influenced by a perceived offset of physically aligned nonius lines in monocular vision. This monocular artifact on the psychophysical measure of fixation disparity can be removed by calculating the fixation disparity relative to the individual binocular nonius bias instead of relative to physical coincidence. The present data provide evidence that this modified calculation may be useful: the correlation between the tonic resting position of vergence and the fixation disparity was slightly, but consistently higher when the fixation disparity was calculated relative to the binocular nonius bias. Carter (1958) proposed using the binocular nonius bias as a reference for fixation disparity since the two monocular components of fixation disparity would then be more equally distributed between the two eyes. One may argue that the binocular nonius bias may not be the adequate reference condition since it involves the two nonius lines presented to each eye, while in fixation disparity testing the nonius lines are presented separately to the two eyes, thus, the ideal reference would be the nonius bias that occurs when the nonius lines are presented separately to each eye; however this measure is not possible since it cannot be distinguished from the fixation disparity itself. Thus, the only way to take into account the perceived offset of aligned monocular nonius lines seems to be to refer the fixation disparity relative to the binocular nonius bias.
Since the amount of the nonius bias increases with the vertical separation of the nonius lines (French, 1920) , the geometrical test conditions play a role for the magnitude of the artifact. Carter (1958) used a vertical separation of 10 min arc and reported cases of nonius bias up to 0.9 min arc. A separation of 18 min arc in differs in amount and direction among observers, general properties of the visual system cannot account for the effect. Rather, idiosyncratic properties of a subject's vision must be relevant, which are more difficult to identify. Our results and those of Savage & Fendick (1985) show that each eye alone may have a displaced perception of physically coinciding nonius lines. Similar distortions of perceived monocular images (also referred to as metamorphopsia) have been quantified as bias in hyperacuity tests and may be due to retinal, optical, and perceptual effects (Vilar, Giraldez-Fernandez, Enoch, Lakshminarayanan, Knowles & Srinivasan, 1995) . Subjects with retinal anomalies and diseases may have distortions of up to 20 min arc, while in normal subjects the bias may amount to a few minutes of arc, which was the range in the present study (Bedell, Flom & Barbeito, 1985; Savage & Fendick, 1985; Enoch, Baraldi, Lakshminarayanan, Savage & Fendick, 1988; Lakshminarayanan, Aziz & Enoch, 1991; Fronius, Sireteanu, Fuisting & Zubcov, 1995) . Optical forms of metamorphopsia can either be induced by prisms that are placed in front of normal eyes (Hirose, Enoch & Tuan, 1997) or result from irregularities of the ocular media, e.g. corneal irregularities, as mentioned by Lakshminarayanan, Aziz & Enoch (1991) . These findings suggest that in subjects with high visual acuity and Table 3 Correlation between dark vergence and two measures of fixation disparity 100, 60, 40, 30, and 20 cm. Correlations are significant with PB0.05, n=34 ). Jaschinski-Kruza & Schubert-Alshuth (1992) produced nonius bias values of up to 1.5 min arc. In the present tests, with separations of 40 min arc in Experiment 1 and 45 min arc in Experiment 2 we found individual nonius biases of up to 2.5 min arc. Thus, one technical way to avoid the artifact of the nonius bias is to have a small separation between the nonius lines. However, a separation is often used in order to include a central fusion stimulus (Mallett, 1964 (Mallett, , 1966 Irving & Robertson, 1991 , 1996 Reading, 1992 Reading, , 1994 Jaschinski, 1997) . Having a central fusion stimulus in fixation disparity testing resembles the natural viewing condition where we usually have a central binocular target. Further, fixation disparity is more stable with central fusion stimuli (Wildsoet & Cameron, 1985) .
Some clinical tests such as the Mallett-unit (Mallett, 1964 , 1966 have nonius lines with a 32 min arc separation that are continuously presented in a fixed aligned position; thus it is not possible to move them to perceived alignment, but rather the associated phoria is measured, i.e. the amount and direction of prism that bring the nonius lines into subjective coincidence. This instrument does not allow one to measure the nonius bias. Carter (1958) mentioned that the nonius bias not only occurs with blinking nonius lines (that are mostly used in research of fixation disparity and also in the present experiments), but also when they are stationary. Thus, the clinically relevant question arises of whether measurements of the associated phoria may be more valid if one measures the binocular nonius bias first and then determines the prism required to bring the nonius lines in a position corresponding to the binocular nonius bias.
The nonius bias was up to 2.5 min arc in the present test. This is small compared to the large amounts of fixation disparity (up to 25 min arc) that occur when prisms are placed in front of the eyes to force vergence; thus, the nonius bias may be negligible (Ogle, Martens & Dyer, 1967; Harwerth, Smith & Siderov, 1995) . However, for other test conditions the error is more substantial. The fixation disparity without using prisms is only a few minutes of arc. Groups of subjects with and without asthenopic complaints differed in this fixation disparity by a few minutes of arc (Sheedy & Saladin, 1983; . Thus, at least in some individuals the nonius bias reaches an amount that may be practically relevant. Further clinical studies are needed to investigate the impact of nonius bias.
The nonius technique has been challenged as a valid procedure to describe the vergence state by some studies that used physical recordings of eye position as a reference method. The first argument refers to shifts in binocular retinal correspondence (Pickwell, 1977; Lie & Opheim, 1985 Schor, 1991; Wick, 1991; Haase, 1995; Fogt & Jones, 1997 , 1998 : with strong vergence demand or in conditions of heterophoria, the actual centres of correspondence may vary from bifoveal. In these conditions, the full fixation disparity comprises a sensory component (the shift of the actual centre of correspondence from the anatomical centre of the fovea) and the motor component (the shift of the projected fixation point from the actual centre of correspondence). Only the latter is indicated by the dichoptic nonius technique, since it relies on the actual principle visual directions that are associated with the actual centres of correspondence. This can explain why nonius fixation disparity represented only a fraction of the physically measured fixation disparity (Robertson & Schor, 1986; Remole, Code, Matyas, McLeod & White, 1986; Kertesz & Lee, 1987; Regan, Frisby, Poggio, Schor & Tyler, 1990; Fogt & Jones, 1998) . Secondly, monocularly seen nonius lines may not indicate the primary visual directions when an adjacent binocular fusion stimulus is present. This was observed in random-dot stereograms with fusion stimuli, that either oscillated dynamically in depth (Erkelens & van Ee, 1997a,b) or were presented stationary in different depth planes (Shimono, Ono, Saida & Mapp, 1998) . However, these conditions apply neither to the experimental paradigm in the present study nor to common clinical tests of fixation disparity, where the fusion stimuli and nonius lines are presented in the same depth plane. In the latter condition, the proximity of the fusion stimulus had no effect on the nonius adjustment in Experiment 3 of Shimono, Ono, Saida & Mapp (1998) .
Because of these arguments, physical recordings of binocular eye position are-in principle-advantageous compared to the nonius technique. However, such measurements with the accuracy of a few minutes of arc are very difficult and therefore appear not to be applicable for routine testing. For clinical purposes, the dichoptic nonius method has the advantage of being technically simple (especially with computer-operated visual display units) and the test is easy for the subjects. Even if the nonius fixation disparity does not represent the full vergence error in any condition, it still can be clinically useful in the sense that it is able to describe conditions of stress on the vergence system and allow one to identify subjects who are susceptible to asthenopic complaints (Wick, 1991; Scheiman & Wick, 1994) , as described by Schor (1983) , Sheedy & Saladin (1983) , Pickwell (1989 ), Pickwell, Kaye & Jenkins (1991 , Jaschinski (1998) . The nonius method may be clinically useful because the results appear to be correlated with objective eye movement recordings in most cases as can be seen from the data of Hebbard (1962) , Remole, Code, Matyas, Mcleod & White (1986) , Robertson & Schor (1986) , Fogt & Jones (1998) (shown in Regan, Frisby, Poggio, Schor & Tyler, 1990) , Kertesz & Lee (1987) (when they are plotted relative to each other) and Howard & Rogers (1995) (in the case of cyclover-gence). Given this correlation, the nonius method may be sufficient to identify a subject with a relatively large fixation disparity for clinical purposes.
To summarize, despite some limitations the psychophysical test of fixation disparity with dichoptic nonius lines appears to be a useful method for routine clinical testing. The power of the nonius method should be improved by finding out the most appropriate test conditions. The present experiments show that the nonius bias is a stable visual function within individuals, and can be substantial in some subjects if a separation between the nonius lines is used to include a fusion stimulus. The binocular nonius bias can be predicted from the mean of the right and left eye monocular nonius bias and is correlated with fixation disparity. This effect of the nonius bias can be removed by calculating the fixation disparity relative to the individual binocular nonius bias. Future clinical studies may show whether this procedure increases the power of the nonius method to identify subjects with vergence-induced asthenopic complaints.
